MicroRNAs (miRNAs) modulate diverse biological and pathological processes via post-transcriptional gene silencing. High-throughput small RNA sequencing (sRNA-seq) has been widely adopted to investigate the functions and regulatory mechanisms of miRNAs. However, accurate quantification of miRNAs has been limited owing to the severe ligation bias in conventional sRNA-seq methods. Here, we quantify miRNAs and their variants (known as isomiRs) by an improved sRNA-seq protocol, termed AQ-seq (accurate quantification by sequencing), that utilizes adapters with terminal degenerate sequences and a high concentration of polyethylene glycol (PEG), which minimize the ligation bias during library preparation. Measurement using AQseq allows us to correct the previously misannotated 5 end usage and strand preference in public databases. Importantly, the analysis of 5 terminal heterogeneity reveals widespread alternative processing events which have been underestimated. We also identify highly uridylated miRNAs originating from the 3p strands, indicating regulations mediated by terminal uridylyl transferases at the pre-miRNA stage. Taken together, our study reveals the complexity of the miRNA isoform landscape, allowing us to refine miRNA annotation and to advance our understanding of miRNA regulation. Furthermore, AQ-seq can be adopted to improve other ligationbased sequencing methods including crosslinkingimmunoprecipitation-sequencing (CLIP-seq) and ribosome profiling (Ribo-seq).
INTRODUCTION
MicroRNAs (miRNAs) are ∼22 nt-long small non-coding RNAs that regulate gene expression by inducing deadenylation and translational repression of target mRNAs (1) . Biogenesis of miRNA involves multiple steps (2) . Primary miRNAs (pri-miRNAs) are synthesized by RNA polymerase II and subsequently cleaved by a nuclear ribonuclease (RNase) III enzyme Drosha, releasing small hairpin-shaped precursor miRNAs (pre-miRNAs) (3) (4) (5) (6) . Pre-miRNAs are exported to the cytoplasm (7, 8) , where they are further processed by a cytoplasmic RNase III enzyme Dicer into ∼22 nt-long duplex (9) (10) (11) (12) . The miRNA duplex is loaded onto an Argonaute (Ago) protein, out of which one strand ('passenger') gets expelled while the other ('guide') remains as the mature miRNA to form a complex called RNA-induced silencing complex (RISC). The strand with uridine or adenosine at its 5 end binds readily to the 5 pocket in the MID domain of Ago and is subsequently selected as the guide strand. The strand whose 5 end is placed in the thermodynamically unstable side of the duplex is also preferentially bound to Ago (13) (14) (15) (16) . The guide strand base-pairs with the target mRNA mainly through the nucleotides 2-7 relative to the 5 end of miRNA (so called 'seed' sequence), and induces gene silencing in a sequence-specific manner (1) .
During maturation, multiple miRNA isoforms (isomiRs) can be generated from a single pri-miRNA hairpin. Alternative cleavage by Drosha or Dicer produces isomiRs with different 5 and/or 3 ends (17) (18) (19) (20) . The 5 end variation is of particular importance because it changes the seed sequence and, hence, target specificity. Altered cleavage can also affect strand selection, by changing the 5 end nucleotide and stability of miRNA duplex. Therefore, the 5 end variation can substantially influence target repertoires.
Another major source of isomiRs is the 3 end modifications by terminal nucleotidyl transferases. The nontemplated nucleotidyl addition (or 'RNA tailing') can occur at both the pre-and mature miRNA stages. RNA tail-ing modulates downstream processing and stability of miRNAs (21) (22) (23) (24) (25) (26) (27) . For example, when mono-uridylation occurs on pre-let-7 with a 1-nt 3 overhang (classified into 'group II'), the U-tail extends the 3 overhang to make an optimal substrate for Dicer, upregulating pre-let-7 processing (21) . In contrast, oligo-uridylation of pre-let-7, which is induced by Lin28, blocks pre-let-7 processing and induces its degradation (22, 23, 27) .
High-throughput small RNA sequencing (sRNA-seq) has been widely adopted to discover and quantify functionally important miRNAs and their variants. sRNA-seq can profile miRNAs at a single nucleotide resolution and detect isomiRs without prior knowledge. However, accurate miRNA profiling has been difficult because certain miRNAs are favored over others in an enzyme-dependent ligation reaction due to the preference of RNA ligases for some sequences and structures, leading to a skewed representation of miRNAs. This can severely compromise quantitative analysis of strand preference and end heterogeneity of a given miRNA (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) . Recent studies have sought to minimize the ligation bias by adopting randomized adapters, presuming that the increased diversity of adapter sequences raises chances of capturing miRNAs with various sequences (29, (31) (32) (33) (34) (35) (36) (37) 40) . Another approach was to apply polyethylene glycol (PEG), which facilitates ligation reaction via molecular crowding effect (30, 33, 35, 36, 38, (40) (41) (42) . It has been demonstrated that higher concentrations of PEG lead to better ligation efficiency (30, 38, 41) . Combining both approaches has been recently adopted and has shown to ameliorate the ligation bias (33, 35, 36, 40) . However, the optimal condition for their combinatorial use has not been extensively investigated. Furthermore, their performance in detecting isomiRs remains to be examined.
In this study, we systematically evaluate the sequencing bias in sRNA-seq and present a bias-minimized protocol to perform a comprehensive study on miRNA heterogeneity. The results identify misannotated miRNAs and major strands, and reveal previously underappreciated maturation events, notably prevalent alternative processing by RNase III enzymes and uridylation at the pre-miRNA stage.
MATERIALS AND METHODS

Small RNA spike-in control design
Synthetic small RNA spike-in sequences were designed by using a first order Markov chain. The states were separated by the nucleotide position of an RNA. Parameters for the chain were derived from all mature miRNA sequences of Homo sapiens, Mus musculus, Xenopus laevis, and Danio rerio, registered in miRBase release 21. 100,000 randomly generated candidate sequences that are at least 21-nt long were then aligned to the mature miRNA sequences used for modeling by using NCBI BLAST 2.6.0+ with the word size of 4. Candidates with E-values lower than 7.0 were removed. Secondary structures of the survived candidates were predicted using RNAfold in the ViennaRNA suite version 2.1.9 with the '--noLP' option. Candidates with the predicted G value lower than −1.0 kcal/mol were removed from further consideration. The remaining candidates were aligned to genome sequences of H. sapiens (GRCh38), M. musculus (GRCm38), X. laevis (JGI v9.1), and D. rerio (GRCz10), including their mitochondrial genomes and scaffolds included in the top-level DNA sequence bundles provided by ENSEMBL. Sequence alignments were performed using NCBI BLAST 2.6.0+ with the word size of 8. Thirty candidates with the highest maximum E-value to any genome were chosen for final RNA sequences of synthetic spike-ins.
Small RNA sequencing library preparation
Total RNA was isolated from HEK293T and HeLa cells using TRIzol (Invitrogen) and mixed with 1 l of 10 nM spike-in control oligos, thirty non-human RNA sequences of 21-23 nt in length (Supplementary Table S1 ). The oligos were obtained from Bioneer Inc., resuspended in distilled water and pooled at equimolar concentrations. The RNA mixture was size-fractionated by 15% urea-polyacrylamide gel electrophoresis and eluted in 0.3 M NaCl to enrich miRNA species using two FAM-labeled markers (17 nt and 29 nt). Small RNA libraries were constructed using either the TruSeq small RNA library preparation kit (Illumina) according to manufacturer's instructions or AQ-seq as follows: miRNA-enriched RNA was ligated to 0.25 M 3 randomized adapter using 20 units/l of T4 RNA ligase 2 truncated KQ (NEB) in 1X T4 RNA ligase reaction buffer (NEB) supplemented with 20% PEG 8000 (NEB) at 25
• C for at least 3 h. The ligated RNA was gel-purified on a 15% urea-polyacrylamide gel using two markers (40 nt and 55 nt) to remove the free 3 adapter and eluted in 0.3 M NaCl. The purified RNA was ligated to 0.18 M 5 randomized adapter using 1 unit/l of T4 RNA ligase 1 (NEB) in 1X T4 RNA ligase reaction buffer supplemented with 1 mM ATP and 20% PEG 8000 (NEB) at 37
• C for 1 h. The products were reverse-transcribed using 10 units/l of SuperScript III reverse transcriptase (Invitrogen) in 1X firststrand buffer (Invitrogen) with 0.2 M RT primer (RTP, TruSeq kit; Illumina), 0.5 mM dNTP (TruSeq kit; Illumina), and 5 mM DTT (Invitrogen) at 50
• C for 1 h. The cDNA was amplified using 0.02 unit/l of Phusion HighFidelity DNA Polymerase (Thermo Scientific) in 1X Phusion HF buffer (Thermo Scientific) with 0.5 M primers (RP1 forward primer and RPIX reverse primer, TruSeq kit; Illumina) and 0.2 mM dNTP (TAKARA). The PCRamplified cDNA was gel-purified using a 6% polyacrylamide gel to remove adapter dimers and sequenced using MiSeq or HiSeq platforms. Markers for size-fractionation and randomized adapters were obtained from IDT and are listed in Supplementary Table S2 .
Analysis of small RNA sequencing
The TruSeq 3 adapter sequence was removed from FASTQ files using cutadapt (43) . For AQ-seq data, 4 nt-long degenerate sequences at the 3 and 5 end were trimmed using FASTX-Toolkit (http://hannonlab.cshl.edu/fastx toolkit/). Next, reads shorter than 18 nt were filtered out, and then low-quality reads (phred quality <20 or <30 in >95% or >50% of nucleotides, respectively) or artifact reads were discarded with FASTX-Toolkit.
Preprocessed reads were first aligned to the spike-in sequences by BWA with the '-n 3' option (44) . Reads mapped to spike-in sequences perfectly or with a single mismatch were considered as reliable spike-in reads. The proportion of reads for each spike-in was used for the representation of sRNA-seq bias.
Reads unmapped to spike-in sequences by BWA with the '-n 3' option were subsequently mapped to the human genome (hg38) with the same option. For multi-mapped reads, we selected the alignment results which have the best alignment score, allowing mismatches only at the 3 end of reads using custom scripts. Reads were classified into annotations from miRBase release 21 (from www. mirbase.org), RefSeq, RepeatMasker (from UCSC genome browser), GtRNAdb (from gtrnadb.ucsc.edu), and Rfam (from rfam.sanger.ac.uk) by intersectBed in BEDTools and used for further analysis (45, 46) .
Primer extension
The primer was labeled at the 5 end with T4 polynucleotide kinase (Takara) and [␥ -
32 P] ATP. RNA was extracted using TRIzol reagent (Invitrogen) and then the small RNA fraction was enriched using the mirVana kit (Ambion). The RNA samples were reverse-transcribed with a 5 endradiolabeled primer using SuperScript III reverse transcriptase (Invitrogen). The products were separated on a 15% urea-polyacrylamide gel and the radioactive signals were analyzed using a BAS-2500 (FujiFilm). The sequence of RT primer is listed in Supplementary Table S2 .
Northern blot analysis
RNA was isolated using either TRIzol (Invitrogen) or the mirVana kit (Ambion), resolved on a 15% ureapolyacrylamide gel, transferred to a Hybond-NX membrane (Amersham) and then crosslinked to the membrane chemically with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (47) . The probes were labeled at the 5 end with T4 polynucleotide (Takara) and [␥ -32 P] ATP. 5 endradiolabeled oligonucleotide complementary to the indicated miRNA was hybridized to the membrane. The radioactive signals were analyzed using a BAS-2500. Band intensities were quantified by Multi Gauge software. To strip off probes, the blot was incubated with a pre-boiled solution of 0.5% SDS for 15 min. Synthetic miRNA duplexes (AccuTarget) were obtained from Bioneer. The sequences of probes are listed in Supplementary Table S2 .
Quantitative real-time PCR
10 ng of total RNA was reverse-transcribed using the TaqMan miRNA Reverse Transcription kit (Applied Biosystems), and subjected to quantitative real-time PCR with the TaqMan gene expression assay kit (Applied Biosystems) according to manufacturer's instructions. U6 snRNA was used for internal control.
Prediction of miRNA arm ratio
We analyzed miRNA arm ratio as previously described (16) with the following model ( Figure 3C ):
where k and N 5p(3p) represent the constant for the relative thermodynamic stability and the constant corresponding to the 5 end identity, respectively. For prediction, we constructed miRNA duplexes using sequences defined by AQ-seq. If two replicates generated by AQ-seq method reported the identical ends, and the end identities were inconsistent with miRBase, we replaced the miRBase sequences with the those defined by AQ-seq. RNA secondary structure was folded by mfold version 3.6 and thermodynamic stability ( G 5p(3p) ) with dinucleotide subsequences was estimated based on the mfold result (48) . Next, we selected top 200 abundant miRNAs (i) which are not duplicated in the genome, (ii) whose 5p and 3p are annotated in miRBase and (iii) whose mature sequences had homogenous 5 ends (miRNA duplexes whose predominant 5 ends from 5p and 3p strands accounted for >90% of total reads (5p +3p)). We measured the log ratios of 5p/3p strands using either TruSeq or AQ-seq and performed regression analysis with the previously described equation in R.
RESULTS
Small RNA sequencing optimization using spike-ins
We initially developed spike-in controls which consist of 30 artificial synthetic RNAs of 21-23 nt in order to use them for between-sample normalization (for design of the spike-ins, see Materials and Methods) (Supplementary Table S1). We added the thirty exogenous RNAs to total RNA at equimolar concentrations, performed sRNA-seq library preparation using a widely-used method, called TruSeq, and calculated relative amounts of spike-ins from the sequencing result. We were surprised to observe a strikingly skewed representation of spike-ins in the sequencing result, which reflects severe bias ( Figure 1B , top left panel). In light of this observation, we set out to optimize the sRNA-seq protocol by introducing either randomized adapters containing four degenerate nucleotides or PEG (20%). Each modification reduced the bias as expected from the previous studies (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (40) (41) (42) , but not to a satisfying degree ( Figure 1B , top right and bottom right panels). Some spikeins were still grossly overestimated; ∼6 out of 30 spikeins accounted for >50% of total spike-in reads when only randomized adapters or only PEG was applied. Thus, we tested various combinations of randomized adapters and PEG (Supplementary Figure S1A, lanes 2, 4-15) . We found that the addition of PEG only to the 3 adaptor ligation step does not further significantly mitigate the ligation bias. Less than 20% of PEG--as used in currently available protocols (33,35,36,40)--was not sufficient either. The best result was achieved when we included 20% PEG at both 3 and 5 adapter ligation reactions, in combination with randomized adapters ( Figure 1A) . Importantly, our method produces a minimal amount of adapter dimer contaminants (<0.4% of total reads, Supplementary Figure S1B ). Hereafter we refer to this protocol as AQ-seq (accurate quantification by sequencing).
miRNA and isomiR profiles uncovered by AQ-seq
To evaluate the results from AQ-seq, we examined miRNA abundance in two human cell lines, HEK293T and HeLa, in comparison with TruSeq. While miRNA and isomiR profiles from replicates within each method are highly reproducible (Supplementary Figure S2A) , the profiles produced by the two methods correlated poorly with each other (Figure 2 ). AQ-seq detected ∼1.5-fold more miRNAs than TruSeq did, indicating that AQ-seq is more sensitive than TruSeq is (Figures 2A and B) . The expression levels of miRNAs differed substantially between AQ-seq and TruSeq ( Figure 2B ). For validation, we determined absolute quantities of a subset of miRNAs by quantitative real-time PCR (RT-qPCR) along with synthetic miRNAs of known quantity. The absolute quantity correlated strongly with AQ-seq read counts but not with TruSeq results ( Figure 2C and Supplementary Figure S2B) . Accordingly, the strand ratios (5p versus 3p) ( Figure 2D ) and the isomiR profiles (Figures 2E-G) of many miRNAs were in strong disagreement between the two methods. The 5 -isomiR profile from AQ-seq was markedly different from that of TruSeq ( Figure 2E ). As for the 3 terminal modification, highly uridylated miRNAs were identified by both methods, but they were inconsistent ( Figure 2F ). Adenylation frequencies in the AQ-seq data were mostly lower than those determined by TruSeq ( Figure 2G ). Collectively, AQseq provides the miRNA profiles drastically different from those obtained by TruSeq.
Re-assessment of strand preference
The most striking discrepancy between AQ-seq and TruSeq was found in strand preference ( Figure 2D ). According to the AQ-seq data, miR-17, miR-106b and miR-151a produce more 5p miRNAs than 3p miRNAs, but TruSeq gave the opposite results ( Figure 3A and Supplementary Figure  S3A) . As for miR-423, 3p is more abundant than 5p according to AQ-seq whereas 5p is supposed to be dominant based on TruSeq and miRBase. Estimation of strand ratio by RTqPCR was consistent with AQ-seq data rather than TruSeq data (Supplementary Figure S3B) . To further validate the strand ratio, we performed Northern blotting using synthetic miR-423 duplex of known quantity as a control. The strand ratio measured by Northern blot analysis matched well to those measured by AQ-seq ( Figure 3B ). Absolute quantification of each strand also confirmed the AQ-seq result ( Figure 3C and Supplementary Figure S2B) .
It is known that strand selection is mainly governed by the following rules: (i) the strand whose 5 end is relatively unstable is favored by Ago and (ii) the strand with uridine or adenosine at its 5 end is selected as a guide strand (13) (14) (15) (16) . A recent study using systematic biochemical assays reported that strand ratio is predicted well by these rules and can be expressed by the following equation ( Figure 3D ):
where k represents the constant for the relative thermodynamic stability, and N 5p and N 3p represent the constants corresponding to the 5 end nucleotide identity of 5p and 3p strands, respectively (16) .
To assess the performance of AQ-seq in measuring the strand ratio, we fitted the strand selection model to strand ratio values measured by either AQ-seq or TruSeq (Figure 3E) . We then compared the strand ratios predicted by each fitted model with those experimentally obtained. The predicted strand ratios by the linear model indeed fit better with the AQ-seq data than the TruSeq data ( Figure 3E and Supplementary Figure S3C) . Notably, the fitted model by TruSeq exhibited more dependency on 5 cytosine than thermodynamic stability ( Figure 3F , left and Supplementary Figure S3D , left) whereas the model by AQ-seq relies mainly on relative thermodynamic stability and 5 uridine ( Figure 3F , right and Supplementary Figure S3D , right), which conforms with the previously established strand selection rules. Taken together, our analyses indicated that AQ-seq improves the accuracy in measuring arm ratios.
Correction of the 5 end annotation
The 5 end of the guide strand is particularly important for miRNA functionality because the 'seed' sequence located at 2-7 nt position relative to the 5 end of miRNA dictates the specificity of target recognition (1). Since AQ-seq and TruSeq reported inconsistent 5 ends for many miRNAs (Figures 2D and 4A ; 17 in HEK293T and 11 in HeLa cells among miRNAs with reads per million (RPM) over 100), we investigated which method is more reliable in detecting the true start site of miRNAs. For validation, we selected miR-222-5p due to the noticeable discrepancy between the two methods ( Figure 4B , upper panel). TruSeq detected the 5 end of miR-222-5p as annotated in the miRBase, while AQ-seq revealed a different 5 end that is shifted by 2 nt. To identify the 5 terminus of miR-222-5p, we performed primer extension experiment and the result was consistent with the AQ-seq data ( Figure 4B , lower panel). Of note, the end detected by AQ-seq exactly matches the Drosha cleavage site recently identified by formaldehyde crosslinking, immunoprecipitation, and sequencing (fCLIP-seq) (18) ( Figure 4C ). These results indicate that the 5 end of miR-222-5p was indeed correctly identified by AQ-seq and that the miRBase needs to be corrected. This led us to examine the 5 end discrepancy between miRBase and AQ-seq data. We found that about 4-6% of abundant miRNAs (>100 RPM) detected in AQ-seq have 5 ends different from those annotated in miRBase ( Figure  4D ). Comparison with the Drosha fCLIP-seq data indicates that AQ-seq detected the same 5 termini of all 5p miRNAs determined by Drosha fCLIP-seq (Supplementary Figure  S4) . Note that the 5 end of 3p miRNAs is determined by Dicer, and fCLIP-seq data for Dicer is not currently available. Taken together, these results demonstrate that AQ-seq reliably captures the 5 ends of miRNAs and offers an opportunity to correct previously misannotated 5 ends.
Widespread alternative processing
The improved accuracy of AQ-seq in detecting the 5 ends allowed us to identify alternatively processed miRNAs. Given that even minor 5 -isomiRs are functional and control targets distinct from the targets of the major isoform (17), we analyzed miRNAs with multiple 5 ends and counted the second most abundant 5 -isomiRs. Notably, a large number of miRNAs show substantial variations at the 5 end ( Figure 5A and Supplementary Figure S5A) . Approximately ∼13% of 5p miRNAs and ∼33% of 3p miRNAs (>100 RPM in AQ-seq) produce the 5 -isomiR at >10% frequency ( Figure 5B ), indicating that alternative processing is more widespread than previously appreciated (20) . It is also noteworthy that 3p strands are more variable than 5p strands ( Figure 5B ), presumably because the 5 end variation of 5p strands is driven by Drosha only while the 5 end of 3p strands is determined by both Drosha and Dicer.
There are many interesting cases where almost equal amounts of two 5 -isomiRs are produced from the same strand ( Figure 5C and Supplementary Figure S5B) . For instance, pri-mir-942-5p, pri-mir-192-5p, pri-mir-296-3p, and pri-mir-505-3p undergo alternative processing, resulting in a 1-nt or 2-nt difference in their seed sequences ( Figure 5D ). Note that the alternative 5 ends for these miRNAs were underestimated in TruSeq data and missed in miRBase annotations, whereas the Drosha fCLIP-seq showed consistent results to AQ-seq (Supplementary Figure S5C) . Taken to- gether, our analyses demonstrate that many miRNA loci produce multiple isoforms with distinct 5 ends, which increases the diversity of mature miRNAs, consequently expanding their target repertoire.
Highly uridylated miRNAs
Intriguingly, a subset of miRNAs carry non-templated mono-uridine at high frequencies ( Figure 6A ). For instance, miR-551b-3p, miR-652-3p, miR-760-3p, miR-30e-3p, and miR-324-3p are uridylated at more than ∼50% frequency in HEK293T cells. Notably, uridylation frequencies measured by AQ-seq differ considerably from those by TruSeq ( Figure  2E and Supplementary Figure S6) . For experimental validation, we chose miR-652-3p which showed a large difference in its uridylation frequency and is abundant enough for Northern blot-based quantification ( Figure 6B ). The major isoform of miR-652-3p was 1 nt longer than the reference sequence, suggesting that endogenous miR-652-3p is indeed highly mono-uridylated ( Figure 6B, left panel) . Quantification of the band intensity confirmed that the longer isoform is more abundant than the shorter isoform ( Figure 6B, right  panel) .
Next, we examined the enzyme(s) responsible for modification of the uridylated miRNAs. It has been reported that two terminal uridylyl transferases (TUTases), TUT4 (ZCCHC11 or TENT3A), and TUT7 (ZCCHC6 or TENT3B), uridylate pre-let-7 and some mature miR- NAs (21, 23, 24, 26, 27) . To test their involvement, we ectopically expressed pri-mir-551b after knockdown of TUT4 and TUT7. Northern blotting shows that, consistent with its high uridylation frequency (∼80%) (Figure 6A ), the majority of miR-551b-3p was 1 nt longer than the synthetic miRNA mimic (21 nt). Depletion of TUT4/7 increased the short isoform, indicating that the 1-nt extension was due to mono-uridylation by TUT4/7 ( Figure 6C ). We also performed AQ-seq after depletion of TUT4/7 and observed a global decrease in uridylation ( Figure 6D ). These results indicate that the substrates of TUT4 and TUT7 are not limited to group II pre-miRNAs (pre-let-7, pre-mir-98, premir-105-1 and pre-mir-449b) (21), recessed pre-miRNAs (24) , and GUAG/UUGU-containing mature miRNAs (let-7, miR-10, miR-99/100 and miR-196 family) (26) . Of note, all of the highly uridylated miRNAs detected in our study are 3p miRNAs, originating from the 3 strand of premiRNA ( Figure 6A ). This confirms the previous notion that TUT4/7 act on pre-miRNAs prior to Dicer-mediated processing.
DISCUSSION
We here present an improved sRNA-seq protocol, termed AQ-seq, which minimizes the ligation bias of sRNA-seq by adopting randomized adaptors in combination with 20% PEG at both 3 and 5 ligation steps ( Figure 1A) . Among commercially available sRNA-seq library preparation kits, NEXTflex (Bioo Scientific) also utilizes random- ized adaptors and PEG in both ligation steps. However, the PEG concentrations in 5 and 3 adaptor ligation steps are 12.5% and 8.3% in the v2 kit respectively, which we demonstrated are not sufficient to significantly minimize ligation bias (Supplementary Figure S1A) . SMARTer® (Clontech) and CATS (Diagenode) were shown to have less bias than NEXTflex since they do not require ligation steps (35) . However, the methods employ a tailing reaction which prevents detection of isomiRs derived from 3 end modification. They also produced a large amount of side products, which we resolved in the AQ-seq protocol (Supplementary Figure S1B ) (35) .
AQ-seq detects miRNAs of low abundance and reliably defines the terminal sequences of miRNAs undetected when using the conventional sRNA-seq method. Given that AQseq data identifies previously undetected termini, it will help us to refine the miRNA annotation in the publicly available databases. It is noteworthy that miRNA target prediction algorithms rely on the complementarity between seed sequences and the targets (1) . As the seed sequences are determined by the position relative to the 5 end of miRNA, incorrect annotation of the 5 end misleads target identification and functional studies. For instance, the 2-nt shift in the 5 end of miR-222-5p would result in a distinct set of targets ( Figure 4B ). The 1-nt or 2-nt offsets found in miR-942-5p, miR-192-5p, miR-296-3p and miR-505-3p are also expected to alter the targets substantially ( Figure 5D ). Furthermore, accurate quantification of small RNA will help clean up miRBase because a large fraction of its registry is thought to be false (18, 49, 50) . Reliable sRNA-seq data will be imperative to re-evaluate the entries in databases widely used in miRNA research. It is worth noting that AQ-seq also incorporates RNA spike-in controls (51) (52) (53) . The spike-ins consist of thirty exogenous miRNA-like oligos, which allows us to normalize variations between biological samples as well as to monitor ligation bias and detection sensitivity. The enhanced performance of AQ-seq data gives us an opportunity to build a reliable catalog of isomiRs and thereby improve our understanding of miRNA biogenesis. In this study, we uncover several interesting maturation events. Firstly, we reliably measure the strand ratio (Figure 3 ), which will be critical for the studies of alternative strand selection or 'arm switching' whose mechanism remains unknown. Secondly, we detect alternative processing in 53 miRNAs in HEK293T or HeLa cells, including miR-101-3p, miR-296-3p, miR-942-5p, miR-505-3p and miR-192-5p ( Figure 5 ). By generating multiple isomiRs from a single hairpin, miRNAs can expand their regulatory capacity. It will be interesting in future studies to investigate whether or not alternative processing of miRNA is regulated in a condition-specific manner, as in the cases of premRNA splicing and alternative polyadenylation. Lastly, we find that more than 15 miRNAs are uridylated at a frequency of over 30% in HEK293T or HeLa cells, and that TUT4/7 mediate the uridylation at the pre-miRNA stage ( Figure 6 ). This indicates that uridylation influences the miRNA pathway well beyond the let-7 family. It will be of interest to study the functional consequences of uridylation of these miRNAs.
Growing evidence suggests that isomiRs are generated in a context-dependent manner and play physiologically relevant roles during developmental and pathological processes (20, (54) (55) (56) . Notably, it was shown that isomiR profiles successfully classify diverse cancer types and, when combined with miRNA profiles, improve discrimination between cancer and normal tissues (57) (58) (59) , highlighting isomiRs as potential diagnostic biomarkers. Therefore, applying AQ-seq to biosamples may enhance the diagnostic power of sRNAseq.
It is also important to note that AQ-seq can be adopted to other library preparation methods which involve adapter ligation. In particular, AQ-seq would be beneficial to studies which require 'within-sample' comparisons. For example, crosslinking and immunoprecipitation followed by sequencing (CLIP-seq) identifies the protein-RNA interaction sites by quantitatively detecting crosslink sites (60) . Since the analysis takes into account relative enrichment of crosslink sites, it is crucial to quantify and compare the abundance of the individual sites within a given sample, which can be severely compromised by ligation bias. Therefore, the inclusion of randomized adapters and PEG in CLIP-seq experiments significantly improves the identification of true binding sites. Another potentially useful application is with ribosome profiling (Ribo-seq) which detects ribosome-protected mRNA fragments (RPFs) by sequencing (61) . Ribo-seq is used widely to systematically investigate the mechanism and regulation of translation and the identification of open reading frames. This technique requires unbiased capture of RPFs, which may be achieved by applying randomized adapters and PEG as shown in this study. Taken together, we anticipate AQ-seq will serve as a powerful tool that contributes not only to small RNA studies but also to any experiments that depend on ligationbased library generation.
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